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Abstract
This paper presents an innovative fiber optic accelerometer system for monitoring vibration of large-size structures. The system is composed
of one (or multiple) sensor head and a control unit for driving the sensor and processing sensor data. The sensing mechanism is based on a novel
integration of the moire´ fringe phenomenon with fiber optics, resulting in accurate and reliable measurement. A prototype fiber optic accelerometer
system has been successfully developed, including a sensor head, a low-cost control unit and a software package with a unique algorithm for
processing the moire´ fringe signals into accelerations with a high resolution. Finally, free vibration and shaking table tests were performed to
identify the dynamic characteristics and demonstrate the high performance of the sensor system developed in this study.
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. Introduction
Our nation’s civil infrastructure (including bridges, electrical
ower grids, dames, pipelines, and school buildings) received
D grade from the American Society of Civil Engineers [1],
aising serious concerns about public safety and associated sub-
tantial economic loss. Sensor-based monitoring can establish
ore scientific prioritization for structural repair and rehabilita-
ion, provide early warning before catastrophic structural failure
aused by natural or man-made disasters, and permit real-time
ost-disaster damage assessment. However, our civil infrastruc-
ure has not benefited from sensor-based monitoring due to the
navailability of cost-effective and suitable sensors. Civil infras-
ructure systems place unique demands on sensors. Besides
ccuracy, sensors and their cables are expected to be reliable,
ow in cost, light in weight, small in size, resistant to EM inter-
erence, and long in service life. They are required to withstand
arsh environments, be moisture-, explosion-, lightning-proof,
nd corrosion-resistant. Civil engineering structures are usually
ery large, demanding easy cabling of the sensors. It is very dif-
cult, if not impossible, for the currently available electric-type
these sensors use electric cables for signal transmission and
power supply, which may act as large antennae picking up var-
ious kinds of noise, creating ground loops, and are susceptible
to lightning strikes.
Emerging fiber optic sensor technologies have shown great
potential to overcome the difficulties associated with the con-
ventional sensors. They are immune to EM noise and electric
shock and thus can be used in explosion-prone areas. Several
kinds of fiber optic sensors have been developed over the last two
decades to take advantage of these merits (e.g. [2,3]). There have
also been many field applications of fiber optic sensors for health
monitoring of civil engineering structures (e.g. [4–7]). However,
very few optical fiber sensors, particularly dynamic sensors (e.g.
accelerometers, dynamic strain gauges, and pressure sensors)
have been successfully commercialized for monitoring civil
engineering structures (e.g. [8–10]). Recent research suggests
that structural integrity can be assessed by continuously moni-
toring structural vibration (e.g. [11–13]). This paper presents a
new fiber optic accelerometer for monitoring large-size struc-
tures such as those in civil infrastructure systems. The sensing
mechanism of the sensor head is based on a novel integration ofensors to satisfy these demanding requirements. For instance,
∗ Corresponding author. Tel.: +1 949 351 8716; fax: +1 949 824 0187.
the moire´ fringe phenomenon with fiber optics. The moire´ fringe
phenomena have a long history of use in engineering measure-
ment (e.g. [14,15]) and the proposed sensor takes the advantage
of this well-established and reliable measurement technique by
employing fiber optics in a novel way.E-mail address: daehk@uci.edu (D.-H. Kim).
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In this study, a prototype fiber optic accelerometer system
has been successfully developed that consists of a sensor head,
a control unit for driving the sensor head and a signal process-
ing unit equipped with a unique algorithm for processing the
moire´ fringe signals into directions and magnitudes of accelera-
tions with a high resolution. Free vibration test was carried out to
characterize the sensor’s dynamic parameters such as the natural
frequency and damping ratio. Finally, shaking table test demon-
strated the high performance of the sensor system developed in
this study.
2. Principle of the sensing mechanism
The proposed accelerometer head contains a pendulum that
can be modeled as a single-degree-of-freedom dynamic system
with a mass m, a spring stiffness k and a damper c, as shown
in Fig. 1. The equation of motion for the pendulum system is
simply expressed as follows:
mx¨ + cx˙ + kx = −mx¨o (1)
where x = x1 − x0, the relative displacement between the pendu-
lum mass and the sensor casing (i.e. the pendulum support) and
x¨o is the acceleration imparted to the sensor (i.e. the “excitation







Thus, if one sets r = ω/ωn, then the deformation response




(1 − r2)2 + (2rζ)2
(4)
where r = ω/ωn.
One can carefully design a system with a pendulum of mass
m and spring stiffness k such that the natural frequency ωn is
much larger than ω. As ωn increases, the ratio r approaches
zero, and in turn the deformation response factor, R approaches
unity. In this condition, Eq. (4) demonstrates that the relative
displacement, x is directly proportional to the excitation accel-
eration, x¨o. Consequently, one can derive the acceleration of the
sensor simply by gauging the relative displacement, x between
the pendulum mass and the sensor casing. In this paper, the pro-
posed fiber optic accelerometer system applies a moire´ fringe
technique via gratings and optical fibers to reliably measure the
relative displacement, x.
As shown in Fig. 1, the fiber optic accelerometer contains a
pair of parallel optical grating panels, one fixed to the mass of
the pendulum and the other to the sensor casing. As a result, the
relative displacement of the two optical gratings is the same as
the displacement between the mass and the sensor casing.
Because one optical grating is fixed to the mass while the












tEq. (1) can be rewritten in terms of the damping ratio ζ and
he natural frequency of the pendulum ωn:
¨ + 2ωnζx˙ + ω2nx = −x¨o (2)
here ωn =
√
k/m and ζ = c/2mωn.
Assuming that x¨o = Aexciteeiωt , where ω is the frequency of
he excitation acceleration, then the steady state response should
e x = Dresponseeiωt. In theory, the ratio of Dresponse to Aexcite




ω2n − ω2 + 2iωnωζ
(3)
Fig. 1. Conceptual design of moire´ fringe-based fiber optic accelerometer.he two optical gratings is the same as the displacement between
he mass and the sensor casing. When two optical gratings con-
isting of alternating parallel transparent and opaque strips (i.e.
rulings”) are overlaid, light will either be transmitted (when
he transparent regions coincide) or be obstructed (when they
o not coincide). If the rulings on one grating are aligned at
small angle relative to those on the other, then the loci of
heir intersections will be visible as dark moire´ fringes running
pproximately perpendicular to the rulings as shown in Fig. 2.
As the two parallel grating panels move with respect to each
ther in the X direction, the moire´ fringes will move in the Y
irection. The moire´ fringes will shift by one pitch distance D in
he Y direction when the two gratings shift in the X direction by
Fig. 2. Moire´ fringes for displacement amplification.
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one grating pitch d. The moire´ fringe pitch D can be designed
using the relation D = d/θ, where θ is an angle subtended by
the rulings of the two gratings. If one lets θ approach zero in
the relation, the ratio D/d (i.e. the “displacement amplification”)
can become very large. Consequently, if a small θ is chosen,
one can considerably amplify a small grating movement d into
a large moire´ fringe movement D. One would facilitate accurate
displacement measurement by designing a small θ and thus a
large D.
The relative displacement between the two gratings can be
measured by tracking the moire´ fringes as they pass through one
point. However, observing the moire´ fringes at only one point
yields no information regarding the direction of their movement,
which is necessary to determine the direction of the relative
movement of the two gratings. Fortunately, one can determine
the direction as well as the amplitude of the displacement by
tracking the fringes at two points which are separated by a quarter
of the fringe width D across the fringe profile. In order to observe
the moire´ fringe at two different points, two pairs of optical
fibers are placed perpendicular to the optical grating panels, as
illustrated in Fig. 1.
3. Signal processing algorithm
The light intensity signals at the two observing points are
















Fig. 3. Prototype fiber optic accelerometer head.
Table 1
Specifications of components used in fiber optic accelerometer
Specifications
Optical fiber Graded index multimode fiber (62.5/125m)
Lens f = 1.81 mm GRIN lens
Grating pitch d (period) = 200m
signal processing units, was successfully developed. Fig. 3
shows the prototype sensor head with a dimension of
33 mm × 33 mm × 48 mm and a weight of 150 g.
The sensor head consists of a pendulum with a mass, a spring,
and a damper, together with two glass gratings and two pairs of
multimode optical fibers. In addition, a lens is applied at the tip
of the each optical fiber to reduce the coupling loss between two
optical fibers. The specifications of the optical fiber, the lens and
the gratings are shown in Table 1 . The sensor head is linked to
the control unit by the two optical fibers.
Fig. 4 shows the control unit developed in this study for
driving eight sensor heads and processing the sensor signals.
It provides the light source to each sensor head through the two
optical fibers and detects the intensity variation of the light trans-/4 with respect to each other. When superposed on a DC com-
onent, the light intensities at these two observing points can be
xpressed as follows:




















here C1, C2, C3 and C4 are constants. The above expressions
an be normalized as follows:
















The relative displacement x(t) can be obtained by unwrapping











Finally, Eq. (4) provides the scaling factor by which the mea-
ured relative displacement can be converted into the sensor’s
cceleration.
. Prototype ﬁber optic accelerometer system
Based on the sensing mechanism presented above, a pro-
otype fiber optic accelerometer, together with control and Fig. 4. Portable control unit for eight fiber optic sensors.
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Fig. 5. Impulse response from free vibration test.
mitted through the two optical gratings. Totally 16 LEDs and 16
photo diodes are used in this unit. A rechargeable battery is
included in the unit for portability. The control unit has a simple
structure and the cost is much lower than many of the existing
fiber optic sensor systems.
5. Testing of ﬁber optic accelerometer
Free vibration testing was first performed in order to identify
the natural frequency and the damping ratio of the fiber optic
accelerometer, which are needed for converting the raw optic
signals to the acceleration as indicated in Eq. (4). Then, shak-
ing table testing was carried out by mounting the fiber optic
accelerometer together with a high-performance reference sen-
sor on a small shaking table. The shaking table was excited
by sinusoidal signals at selected frequencies covering a large
range. Assuming the reference sensor accurately measures the
sinusoidal excitation of the table, the deformation response curve
can be plotted and compared with the theoretical one. The sensor
performance can be evaluated based on the deformation response
factor plots and the comparison with the reference sensor.
5.1. Free vibration testing for parameter identiﬁcation
First free vibration of the pendulum inside the sensor head












ence sensor is an electric sensor equipped with a pendulum
and a servo control circuit to achieve a large bandwidth (DC
to 200 Hz). A fixed-sine function generator was used to con-
trol the shaking table. The excitation frequencies were selected
as 0.5 Hz, 1.0 Hz, 2.5 Hz, 5.0 Hz, 10.0 Hz, 15.0 Hz, 16.0 Hz,
17.0 Hz, 18.0 Hz, 19.0 Hz, 20.0 Hz, 21.0 Hz, 21.5 Hz, 22.0 Hz,
23.0 Hz, 24.0 Hz, 25.0 Hz, 30.0 Hz, and 40.0 Hz. Each test was
performed five times in order to average out the errors associated
with the signal acquisition and to evaluate the standard deviation
of the data. Fig. 6 shows the experimental setup for the shaking
table tests.
Fig. 7 shows a sequence of signals from raw signals being
processed into the displacement.
The first two windows show the raw normalized signals and
the third window the arctangent of the two normalized raw sig-
nals. The last window displays the displacement calculated by
unwrapping the arctangent signal.
Fig. 8 plots the deformation response curve R defined as
(|Dresponse/Aexcited|ω2n) based on the testing results, in compar-
ison with the theoretical curve expressed in Eq. (4) by using the
identified natural frequency and damping ration.ptical signals at the two view points on the grating panels were
ecorded. The sampling rate for the optical signals was set to
kS/s, and the time duration per each measurement was 2 s. The
ree-decay relative displacement x(t) was then calculated by Eq.
7). Fig. 5 shows the displacement time history and its power
pectrum. From the time history x(t) and its power spectrum,
he natural frequency and damping ratio of the pendulum were
dentified as fn = ωn/(2π) = 21.4 Hz and = 9%.
.2. Shaking table testing for performance evaluation
The prototype fiber optic accelerometer and a high-
erformance reference sensor (Kinemetrics, FBA-11) were fixed
o the shaking table (APS-Dynamics, model 113). The refer- Fig. 6. Experimental setup for shaking table test.
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Fig. 7. Signal processing sequence.
Excellent agreement between the measured and the theo-
retical results are observed in Fig. 8, demonstrating the high
accuracy of the fiber optic sensor system developed in this study.
Also, a high repeatability of the sensor data was observed dur-
ing the shaking table tests, indicating the high reliability of the
sensor. Furthermore, the deformation response curve is flat up
to 5 Hz, indicating that the prototype accelerometer developed
in this study can measure accelerations up to 5 Hz with less
than 5% error. This sensor can be used for monitoring large-size
civil engineering structures whose first few natural frequencies
are below 5 Hz. The dynamic bandwidth of fiber optic sensors
can be further broadened by increasing the natural frequency of
the pendulum system inside the sensor head and/or applying a
software compensation filter.
Using the identified natural frequency, the displacements
measured at the shaking table tests were converted into acceler-
ation signals. Fig. 9 compares the accelerations at 0.5 Hz, 1 Hz,
and 5 Hz measured by the prototype fiber optic accelerometer
with those by the high-performance reference sensor. Excellent
agreement was observed.
F
Fig. 9. Comparison of accelerations measured by fiber optic sensor and by ref-
erence.
6. Concluding remarks
This paper presents a novel fiber optic accelerometer system
for monitoring dynamic response of large-size structures. The
sensor head exploits the moire´ fringe optical phenomenon and
two pairs of optical fibers to accurately measure the displace-
ment, and furthermore a pendulum to convert the displacement
into acceleration. A prototype sensor system has been success-
fully developed, which consists of a sensor head and a control
unit, equipped with a signal processing algorithm for process-
ing the raw moire´ fringe signals into the direction and amplitude
of the displacement and furthermore acceleration. The natural
frequency and damping ratio of the prototype accelerometer
were identified through free vibration testing. Finally, shaking
table tests demonstrated the high accuracy and reliability of this
unique fiber optic accelerometer system.
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